The Slack (sequence like a calcium-activated K channel) and Slick (sequence like an intermediate conductance K channel) genes, which encode sodium-activated K ϩ (K Na ) channels, are expressed at high levels in neurons of the medial nucleus of the trapezoid body (MNTB) in the auditory brainstem. These neurons lock their action potentials to incoming stimuli with a high degree of temporal precision. Channels with unitary properties similar to those of Slack and/or Slick channels, which are gated by [Na ϩ ] i and [Cl Ϫ ] i and by changes in cytoplasmic ATP levels, are present in MNTB neurons. Manipulations of the level of K Na current in MNTB neurons, either by increasing levels of internal Na ϩ or by exposure to a pharmacological activator of Slack channels, significantly enhance the accuracy of timing of action potentials at high frequencies of stimulation. These findings suggest that such fidelity of timing at high frequencies may be attributed in part to high-conductance K Na channels.
Introduction
The brainstem binaural auditory pathway computes the localization of a sound source by comparing the relative phase (interaural time differences) and volume (interaural intensity differences) of sound stimuli received at each cochlea. For this pathway to function efficiently, it is essential that its component neurons are able to preserve the precise timing information contained within the auditory signal. In mammals, globular bushy neurons of the anterior ventral cochlear nucleus (aVCN) and principal neurons in the medial nucleus of the trapezoid body (MNTB) are capable of firing action potentials that are faithfully locked to the phase of incoming stimuli at frequencies up to ϳ600 Hz (Brownell, 1975; Banks and Smith, 1992; Wu and Kelly, 1993; Taschenberger and von Gersdorff, 2000) . MNTB neurons are important relay elements that receive a secure synaptic input from the contralateral aVCN via the calyx of Held (Lenn and Reese, 1966; Morest, 1968 Morest, , 1973 Forsythe and Barnes-Davies, 1993) and send an inhibitory projection to the ipsilateral medial superior olive (MSO) and lateral superior olive (LSO). Both the MSO and LSO also receive direct excitatory projections from the aVCN. The binaural pathway has a number of important adaptations to preserve the fidelity of action potential timing, including two giant excitatory synapses (the endbulb and the calyx of Held), postsynaptic receptors with fast kinetics (Barnes-Davies and Forsythe, 1995; Isaacson and Walmsley, 1995) , lowthreshold Kv1 family potassium currents that suppress multiple action potential generation during the decay of synaptic responses (Manis and Marx, 1991; Brew and Forsythe, 1995) , and high-threshold Kv3 family potassium currents that minimize the action potential duration and allow high-frequency spike firing Song et al., 2005) .
The significance of K ϩ conductances in the regulation of neuronal excitability and their involvement in neuronal pathologies has been well documented (Hille, 2001; Levitan and Kaczmarek, 2002) . K ϩ channels encoded by the Slack (Slo2.2; sequence like a calcium-activated K channel) and Slick (Slo2.1; sequence like an intermediate conductance K channel) genes are gated by intracellular Na ϩ ([Na ϩ ] i ) and Cl Ϫ ([Cl Ϫ ] i ), and these channels are present in the brain regions (Bhattacharjee et al., 2002 reported to possess sodium-activated K ϩ (K Na ) channels (Egan et al., 1992; Dryer, 1994) . Nevertheless, the physiological significance of these K Na channel conductances in the CNS is still being clarified.
In this study, we have localized and identified K Na channels in the principal neurons of the MNTB and have compared their properties with those of Slack and Slick expressed in oocytes and mammalian cell lines (Joiner et al., 1998; Bhattacharjee et al., 2003; Yuan et al., 2003; Santi et al., 2006; Yang et al., 2006) . Current-clamp recordings from MNTB neurons and numerical simulations indicate that the activation of these K Na channels allows temporal accuracy of firing to be increased at high frequencies of stimulation.
Materials and Methods
Electrophysiological recordings. Slices from postnatal day 10 -13 (P10 -P13) mice (129SV/EMS; The Jackson Laboratory, Bar Harbor, ME) were prepared as described previously (Barnes-Davies and Forsythe, 1995) and transferred to a recording chamber that was perfused continuously (1 ml/min) with artificial CSF (ACSF) (in mM: 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 sodium pyruvate, 3 myo-inositol, 10 glucose, 2.0 or 0.5 CaCl 2 , and 1 MgCl 2 gassed with 95% O 2 /5% CO 2 , pH 7.4, at 21-23°C). Whole-cell recordings (Hamill et al., 1981) were made from visually identified MNTB principal neurons using an EPC-7 amplifier (HEKA Elektronik, Lambrecht, Germany) for voltage-clamp recordings and an Axoclamp-2A amplifier in the bridge-balance mode for current-clamp recordings (Magistretti et al., 1996) . All of the experiments were performed at room temperature (RT; 21-22°C). Electrodes for whole-cell recordings had a resistance of 2-4 M⍀ when filled with an intracellular solution containing the following (in mM): 97.5 potassium gluconate, 32.5 KCl, 5 EGTA, 10 HEPES, and 1 MgCl 2 , pH 7.2. When [Na ϩ ] i was varied, NMDG (N-methyl-D-glucamine) was used as the substitute. For voltage-clamp recordings, TTX (1 M) was also included in ACSF to block Na ϩ currents (typically 5-10 nA at Ϫ20 mV). The series resistance for whole-cell recordings from MNTB neurons was Ͻ12 M⍀ and compensated at 70 -80%. No corrections were made for liquid-junction potentials. Data were filtered at 5 kHz and sampled at 10 kHz.
For channel recordings from excised patches in the inside-out configuration, the electrodes had resistances of ϳ7-9 M⍀ when filled with the pipette solutions. Data were filtered at 5 kHz and sampled at 20 kHz for all protocols. The sign of the applied voltage refers to the bath with respect to the patch pipette. In every inside-out patch experiment, patches were excised from cells, and the membrane potential was stepped to 0 mV from a holding potential of Ϫ60 mV. For channel analysis, NP o (N is the number of active channels, P o is the open probability) was calculated using the single-channel search and event statistics algorithms in pClamp 9.0 software (Molecular Devices, Union City, CA). Averaged data are expressed as means Ϯ SEM. Student's t test was applied for statistical analysis. A minimum p value of Ͻ0.05 was selected to determine significance. All values are plotted as means Ϯ SEM.
Numerical simulations. Simulations were performed using previously described models of MNTB neurons (Liu and Kaczmarek, 1998; Richardson and Kaczmarek, 2000; Macica et al., 2003; Song et al., 2005) and of Slick and Slack currents . Responses were simulated by integration of the following equation: C dV/dt ϭ I ext(t) Ϫ I Na Ϫ I Kv3.1 Ϫ I KvLT Ϫ I KNa Ϫ I L , where I Na is the Na ϩ current and I Kv3.1 and I KvLT are components of voltage-dependent K ϩ currents. I KNa is a K Na with kinetic properties intermediate between those of Slick and Slack. I L is the leak current, and stimuli I ext(t) were presented as step currents (0.2 ms) of 20 -400 Hz. In Figure 9 , c and d, I ext ϭ 1.1, 1.1, 1.25, and 1.4 nA for intracellular Na ϩ levels of 0, 5, 20, and 40 mM, respectively. Equations for I Kv3.1 , I KvLT , and I L were identical to those described by Macica et al. (2003) and are based on fits to currents in MNTB neurons, as are those for I Na , with the exception that E Na , the reversal potential for Na ϩ ions, was lowered from ϩ50 to ϩ45 mV and to ϩ28 mV for simulations of 20 and 40 mM intracellular Na ϩ , respectively. I KNa was given by the equation I KNa ϭ g K n 2 s 4 (V ϩ 80), where the variable n describes voltage dependence and is governed by equations identical to those for the other K ϩ channels with the parameters g KNa ϭ 0.06 S, k ␣n ϭ 0.141 ms Ϫ1 , ␣n ϭ 0.0558 mV Ϫ1 , k ␤n ϭ 0.0587 ms Ϫ1 , and ␤n ϭ 0.0308 mV Ϫ1 . These values provide kinetic behavior intermediate between that of Slack and Slick (Bhattacharjee et al., 2003) . The parameter s is regulated by [Na ϩ ] i and given by the following equation:
with k fs ϭ 0.14 mM Ϫ1 ms Ϫ1 and k bs ϭ 2.0 ms Ϫ1 . The phase vector strength V in the model and in experimental data was calculated by the following equation:
where N is the number of action potentials evoked (N Ͼ 1), D i is the delay time from onset of an individual stimulus pulse i to the peak of the action potential evoked by that pulse, D is the mean delay for all of the action potentials evoked by the train, and P is the period of the pulses during the train. Pulses that failed to generate action potentials were not included in the summation.
Immunohistochemistry. Brainstems of P11 mice were dissected out in ACSF at 0°C and fixed in 4% paraformaldehyde in PBS for 12 h at 4°C. The fixed tissue was cryoprotected at 4°C in PBS with a graded concentration of sucrose (4%, 30 min; 10%, 2 h; 15%, 2 h; 20%, 12 h). The tissue was frozen in optimal cutting temperature compound, and 8 m transverse cryostat sections were cut at Ϫ21°C. The sections were stored on poly-lysine-coated slides at Ϫ80°C. For immunohistochemistry, the slides were rinsed in PBS for 5 min at RT and processed by the following: (1) blocking and permeabilization in PBS containing 10% goat serum and 0.2% (wt/vol) Triton X-100 for 1 h, (2) application of primary antibodies in 100 l of PBS containing 10% (wt/vol) goat serum and 0.2% Triton X-100 overnight at 4°C followed by 2 h at RT, (3) application of secondary antibodies in the same buffer as primary antibodies for 2 h at RT, and (4) mounting with the ProLong antifade kit (Invitrogen, San Diego, CA). Sections were washed with blocking buffer three times for 10 min between each step. Antibodies used were chicken polyclonal antibodies anti-Slack and anti-Slick (Bhattacharjee et al., 2002 and mouse monoclonal anti-syntaxin (diluted 1:200; Sigma, St. Louis, MO). The secondary antibodies were goat anti-mouse IgG conjugated with Alexa Fluor 488 (diluted 1:500; Invitrogen) and goat anti-chicken IgG conjugated with Alexa Fluor 546 (diluted 1:500; Invitrogen). Stained sections were viewed with a 63ϫ water-immersion objective using confocal laser scanning microscopy. All of the images were acquired with identical settings.
Results
Slack and Slick channels are present in the principal neurons of the MNTB Previous studies (Bhattacharjee et al., 2002 have demonstrated via in situ hybridization and immunohistochemistry that the mRNA and protein of both Slack (Slo2.2) and Slick (Slo2.1) genes, which encode Na ϩ -activated K ϩ channels, are abundantly expressed in auditory brainstem nuclei such as the MNTB. To determine whether these K Na channels are expressed in the principal neurons of the MNTB and/or in the presynaptic terminals of the calyces of Held, we performed coimmunolocalization experiments for the Slack and Slick subunits with syntaxin, a marker for presynaptic membranes (Fig.  1) . Although light microscopy cannot provide definitive information on subcellular localization, Slack and Slick immunoreactivity appears to be present both in the principal cells of MNTB and in the calyces of Held (as visualized by colocalization with syntaxin). No staining was observed with the secondary antibody antichicken Alexa Fluor 546, which was used to detect Slack and Slick immunoreactivity (Fig. 1, bottom left) . We did, however, detect some nonspecific staining (green) with anti-mouse Alexa Fluor 488, the secondary antibody for the detection of syntaxin (Fig. 1 , bottom middle and right), perhaps because of the use of an antimouse antibody to stain mouse tissue. Nevertheless, because the anti-mouse secondary antibody did not recognize any morphological structure resembling either the neurons or synaptic terminals in the MNTB, we considered the staining of the calyceal terminals to be specific. K Na channels from MNTB neurons resemble Slack and Slick channels in expression systems When expressed in Xenopus oocytes, Chinese hamster ovary (CHO) , and human embryonic kidney (HEK) cells, Slack and Slick give rise to outwardly rectifying potassium channels that have unitary conductances of ϳ140 and ϳ180 pS, respectively, in symmetrical potassium solutions (Joiner et al., 1998; Bhattacharjee et al., 2003; Yang et al., 2006) . Channels encoded by both genes are gated by increases in intracellular Na ϩ concentrations. Although the activity of both channels can be increased by elevating internal Cl Ϫ , this effect is greater for Slick than for Slack (Bhattacharjee et al., 2003) . Another particularly important difference between these two channel subunits is that the Slick sub- 
. b, Amplitude histogram of large-conductance channel activity evoked by a step from Ϫ60 to 0 mV with 130 mM unit contains a regulatory nucleotidebinding site that results in activation of this channel in response to a fall in intracellular ATP ([ATP] i ) levels (Bhattacharjee et al., 2003) .
To examine the biophysical properties of these native K Na channels, inside-out patches were excised from principal neurons of the MNTB. To detect K Na channels, each patch was first exposed to solution containing a high concentration of Na ϩ (40 -129.5 mM). Channel activity evoked by Na ϩ was readily reversible on returning to a Na ϩ -free medium. Such K Na channel activity was observed in ϳ30% of Ͼ300 patches excised from MNTB neurons.
In 50 initial excised patch experiments, we included the K ϩ blockers, 100 nM dendrotoxin and 1 mM tetraethylammonium (TEA), as well as 20 M ZD-7288 [4-(Nethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino)pyridinum chloride] and 1 M TTX, blockers of H channels and Na ϩ channels, respectively, in the bath and in the patch solutions. Slack and Slick channels have been found to be insensitive to dendrotoxin and 1 mM TEA (Joiner et al., 1998; Bhattacharjee et al., 2003) , and this mixture of inhibitors permits the isolation of macroscopic K Na currents (see below). We found, however, that the detection of large-conductance Na ϩ -activated channel activity in patches did not appear to be affected by the presence or absence of these agents. Moreover, the relatively large conductance of K Na channels rendered it straightforward to differentiate them from other channels, and patches containing K Na channels appeared generally devoid of other types of channels. Additional experiments were therefore conducted without the channel blockers. Figure 2a illustrates K Na channel activity in an excised patch perfused with a solution containing 10 mM Na ϩ . We detected large-conductance (Ͼ100 pS) outward channel activity in addition to smaller outward conductances (Ͻ40 pS) (Fig. 2a,b, inset) . These smaller conductances likely represent subconductance states that have been characterized for both Slack and Slick channels and for native K Na channels in other systems (Dryer, 1994; Joiner et al., 1998; Bhattacharjee et al., 2003) , and like the large-conductance state, are dependent on Na ϩ (Fig. 3a) . Patches typically contained multiple K Na channels. To determine the unitary conductance of the major conductance state, six patches were perfused with a low concentration of Na ϩ (10 mM) in a modified physiological solution (with 130 mM
The voltage was stepped from a holding potential of Ϫ60 mV to test potentials of Ϫ20, 0, ϩ20, and ϩ40 mV. All point histograms were generated to determine the major unitary current level at these potentials (Fig. 2b,c) . The mean unitary conductance of these MNTB K Na channels (122 Ϯ 4 pS), together with the occurrence of frequent subconductance states, are in close agreement with results found for Slack (ϳ140 pS) and Slick (ϳ180 pS) channels in heterologous expression systems (Joiner et al., 1998; Bhattacharjee et al., 2003) , as well as K Na channels in other native cells (Wang et al., 1991; Dryer, 1994; Mistry et al., 1997) .
The kinetic behavior of the native MNTB K Na channels (Fig.  2b,c) was typically intermediate between the rapid flickering activity of Slick channels and the longer "box-like" openings of Slack (Bhattacharjee et al., 2003) . The mean burst duration for MNTB channels was 13.0 Ϯ 1.0 ms (n ϭ 10) when recorded with 5 mM Na ϩ /130 mM Cl Ϫ . Under the same conditions, the mean burst duration for Slick channels expressed in CHO cells was 7.24 Ϯ 1.4 ms, whereas that for Slack was 118 Ϯ 26 ms (Bhattacharjee et al., 2003) .
To examine the Na ϩ sensitivity of the MNTB channels, the cytoplasmic faces of 10 excised patches containing multiple chan- Figure 3 , the membrane potential was stepped to 0 mV from a holding potential of Ϫ60 mV. b, Twenty superimposed sweeps of channel recordings from inside-out patches placed into solutions containing 2.0, 37.5, 114.5, or 129.5 mM Cl Ϫ . c, Normalized NP o values determined for different concentrations of Cl Ϫ on the intracellular face of the membrane. nels were exposed to different concentrations of Na ϩ (Fig. 3a) . Na ϩ dependence could be evaluated visually by superimposition of multiple traces at each Na ϩ concentration (Fig. 3b) and was quantified by calculation of NP o (number of channels times probability of opening). The effects of changing concentrations of Na ϩ were readily reversible (Fig. 3c) . To combine results from separate patches containing different numbers of channels, these data were normalized to values of NP o measured at 80 mM Na ϩ . The combined data provides a calculated EC 50 of 77 mM and a Hill coefficient of 1.46 for gating of the native K Na channels by Na ϩ (Fig. 3d) . This is consistent with previously reported EC 50 values of 41 and 89 mM and Hill coefficients of 1.4 and 2.4 for Slack and Slick channels, respectively (Joiner et al., 1998; Bhattacharjee et al., 2003) . Because there is no channel activity with 0 mM Na ϩ , the MNTB channels resemble Slack rather than Slick channels, which, in expression systems, can readily be detected even in the absence of Na ϩ (Bhattacharjee et al., 2003) . We also tested the effects of changing Cl Ϫ concentrations at the cytoplasmic face of the channels (Fig. 4a,b) . To combine the results from six multichannel patches in which we tested the effects of altered Cl Ϫ concentrations, we normalized the NP o values for each patch to those measured at 2 mM Cl Ϫ . We found an ϳ6.9-fold increase in activity on changing Cl Ϫ from 2 to 129.5 mM (Fig. 4c) . Previous data have shown that both Slack and Slick channels can be activated by internal Cl Ϫ , although this effect is greater for Slick than for Slack (Bhattacharjee et al., 2003) . The Cl Ϫ sensitivity of the MNTB K Na channels more closely resembles that of Slick (fivefold increase in channel activity when cytoplasmic Cl Ϫ is raised from 3 to 130 mM) rather than that of Slack (only a twofold increase under the same conditions).
The Slick channel subunit has a binding site for ATP at its C terminus. The binding of ATP to this site produces a significant reduction in channel activity (Bhattacharjee et al., 2003) . This site is absent from the Slack channel. We therefore tested the effects of ATP and of AMP-PNP (5Ј-adenylyl-imidodiphosphate), a nonhydrolyzable ATP analog, on MNTB K Na activity (Fig. 5) . In six patches, exposure of the cytoplasmic face to AMP-PNP (5 mM) produced an ϳ70 -80% reduction in channel activity (Fig. 5a,c,d ). Exposure of excised patches to ATP itself (5 mM) also produced a quantitatively similar reduction in activity (Fig. 5b,c,d ). These findings suggest that Slick subunits are likely to contribute to the native K Na channel activity.
In summary, channel recordings from the principal neurons of the MNTB revealed native K Na channels with properties resembling those of Slack and Slick channels in transfected cells. Because both Slack and Slick are expressed in these neurons, the native K Na channels may represent heteromultimers of these two subunits.
K Na currents are a major component of whole-cell K ؉ current in MNTB neurons To examine whole-cell macroscopic K Na currents in MNTB neurons, we performed whole-cell recordings in the presence of pharmacological agents known to block other known components of current in these cells. In particular, brainstem slices were superfused with extracellular medium containing 1 M TTX, 20 M ZD-7288, 100 nM dendrotoxin, and 1 mM TEA to block the Na ϩ current, the I h current (hyperpolarization-activated cation current) (BoSmith et al., 1993; Harris and Constanti, 1995) , and the Kv1 family and Kv3 family of potassium currents known to be present in these neurons (Manis and Marx, 1991; Brew and For- sythe, 1995; Wang et al., 1998) . Neither of the two K ϩ channel blockers affects either Slack or Slick currents at these concentrations (Bhattacharjee et al., 2003) . In addition, we applied a 600 ms prepulse to Ϫ40 mV before voltage steps to test potentials. This prepulse eliminated a small and rapidly inactivating component of K ϩ current that may represent Kv4 family channels (Dever et al., 2004) . Under these conditions, the amplitude of the remaining whole-cell K ϩ current was highly sensitive to the level of Na ϩ in the patch pipette (Fig. 6 ). The activation of these native K Na currents occurs relatively rapidly (Ͻ20 ms) after a step depolarization. In this respect, the currents more closely resemble rapidly activating currents observed in Slick-transfected cells, rather than the slowly activating currents of Slack-expressing cells (Bhattacharjee et al., 2003) . To determine the proportion of total MNTB neuron K ϩ current that can be attributed to K Na channels, we first recorded whole-cell currents in the presence of only 1 M TTX and 20 M ZD-7288. We then applied the K ϩ channel blockers dendrotoxin (100 nM) and TEA (1 mM) and again recorded the remaining current. Figure 6e plots the proportion of remaining K ϩ current at different test potentials for cells dialyzed with 0, 20, or 60 mM internal Na ϩ . Under the latter two conditions, K Na current constituted 40 -60% of the total K ϩ current. The increases in macroscopic currents with 20 or 60 mM internal Na ϩ were statistically significant ( p Ͻ 0.0004 for 20 mM Na ϩ and p Ͻ 0.0002 for 60 mM Na ϩ at ϩ80 to ϩ120 mV). Previous studies have identified quinidine as a potent inhibitor of both Slack and Slick currents (Bhattacharjee et al., 2003; Yang et al., 2006) . Bath application of 1 mM quinidine greatly inhibited the Na ϩ -sensitive component of whole-cell K ϩ current in MNTB neurons (Fig. 6c,d, bottom panels) . In addition, our previous data have identified bithionol [2,2Ј-thiobis(4,6-dichlorophenol)], a bis-phenol anti-parasitic compound (Enzie and Colglazier, 1960; Barr et al., 1965) , to be an effective opener of Slack channels . Exposure of Slacktransfected HEK cells to 10 M bithionol produces an increase in whole-cell Slack current that decreases toward control level after washout of bithionol . In the present study, we found that as in Slack-transfected cells, perfusion of bithionol onto the slices increased native K Na currents by values of 32.7 Ϯ 9.5, 34. 0 Ϯ 60.6, 40.0 Ϯ 9.3, 45.7 Ϯ 1 1.2, and 48.1 Ϯ 1 2.6% elicited by voltage steps of 40, 60, 80, 100, and 120 mV, respectively (n ϭ 5) (Fig. 7a-c) . These pharmacological findings with both quinidine and bithionol strongly suggest that the Slack and Slick subunits contribute to the K Na current of MNTB neurons.
K Na channels regulate the accuracy of timing of MNTB neurons
In the presence of cytoplasmic Na ϩ , Slack and Slick K Na channels open near the resting potential of the cells (approximately Ϫ60 mV). It is known that, for brainstem auditory neurons, an increase in membrane conductance near the resting potential significantly increases the accuracy of timing of action potentials (Manis and Marx, 1991) . Indeed, Kv1.1 and Kv1.2 channels that are located in the axons of MNTB neurons and also activate near rest are known to reduce jitter in the timing of evoked action potentials (Brew et al., 2003; Kopp-Scheinpflug et al., 2003 ). An increase in resting membrane conductance produces a decrease in the membrane time constant, allowing stimuli to trigger action potentials that are more closely linked to the onset of the stimulus. To determine whether the level of resting K Na current influences the accuracy of timing of MNTB neurons, we recorded their responses to 100 ms trains of intracellular current pulses (0.3 ms, 2 nA) applied at frequencies of 10 -400 Hz, using patch pipettes containing different levels of Na ϩ (0, 5, 20, and 40 mM). The general way that the firing pattern of MNTB neurons responds to increases in stimulation frequency was the same for all levels of intracellular Na ϩ and is illustrated in Figure 8 for an MNTB neuron dialyzed with 20 mM [Na ϩ ] i . At all stimulus frequencies up to 170 Hz, this neuron responded to each stimulus pulse with an action potential ("regular" firing). At higher stimulus frequencies, it continued to respond but not all stimulus pulses evoked action potentials (Fig. 8, middle traces) . At frequencies of stimulation (ϳ180 -230 Hz) that are just slightly higher than those at which the neuron is capable of generating an action potential in response to every stimulus (Ͻ170 Hz), the timing of evoked action potentials is scattered with respect to the stimulus pulses ("irregular" firing). Interestingly, as the stimulus frequency was raised still further, the strict phase locking of action potentials to the stimulus pulse was restored when the neuron fired a single action potential in response to every other stimulus pulse (Fig. 8, right traces, 240 -300 Hz). When the stimulus frequency increased past 240 Hz, this cell responded to highfrequency stimulation with a lower frequency of firing that re- Steps were given from a holding potential of Ϫ70 mV to test potentials between Ϫ120 and ϩ120 mV in 20 mV increments. b-d, Whole-cell K Na currents recorded from the principal neurons of the MNTB using the same voltage protocol as in a in the presence of 1 M TTX, 20 M ZD-7288, together with 100 nM dendrotoxin (DTX) and 1 mM TEA in the ACSF to block Kv1 family and Kv3 family of potassium currents known to be present in these neurons. A 600 ms prepulse to Ϫ40 mV before voltage steps to test potentials was also applied to eliminate a small and rapidly inactivating component of K ϩ current. Traces in b-d were recorded with patch pipettes containing 0, 20, and 60 mM Na ϩ , respectively. The bottom panels of c and d show that bath application of 1 mM quinidine eliminated these native K Na currents. e, Summary data showing the amplitude of the macroscopic K Na currents with 0, 20, and 60 mM Na ϩ in the recording pipettes.
mains phase locked to individual stimulus pulses, a property previously reported for MNTB neurons and other auditory neurons (Brownell, 1975; Banks and Smith, 1992; Wu and Kelly, 1993) .
To evaluate the temporal fidelity of the action potentials evoked by different stimulus frequencies and different levels of intracellular Na ϩ , we calculated the strength of the phase vector that relates the timing of evoked action potentials to the onset of the stimulus pulses during the 100 ms stimulus trains (see Materials and Methods). Perfect phase locking is associated with a phase vector strength of one. When phase vector strength is plotted as a function of stimulus frequency, dips in the value of the vector strength are observed for frequencies at which action potentials are not perfectly locked to the stimuli. Figure 9a shows the vector strength plot for the cell shown in Figure 8 . Although vector strength declines with increasing frequency for all levels of intracellular Na ϩ , the "dips" in vector strength that occur when stimuli fail to evoke action potentials at a regular frequency were reduced significantly with increasing [Na ϩ ] i , as is shown in Figure Computer simulations predict that K Na channels improve fidelity of timing To determine whether the effect of increases in [Na ϩ ] i on the timing of evoked action potentials is consistent with enhanced K Na current, we performed numerical simulations of MNTB neurons. We used a previously developed computer model of MNTB neurons that incorporates a voltage-dependent Na ϩ current, a leakage current, and low-threshold (Kv1 family) and high-threshold (Kv3 family) voltage-dependent potassium currents (Perney and Kaczmarek, 1997; Song et al., 2005) . To this model, we added a K Na current with properties intermediate between those of Slack and Slick (Bhattacharjee et al., 2003 ) (see Materials and Methods). We maintained intracellular Na ϩ levels in the model fixed at 0, 5, 20, or 40 mM and adjusted E Na accordingly. In qualitative agreement with recordings of real MNTB neurons, we found that elevation of Na ϩ levels in the model improved the timing of action potentials at stimulus frequencies above those at which the neurons are capable of firing an action potential in response to every stimulus pulse. As in MNTB neurons, the phase-vector strength declines with increasing frequency for all levels of intracellular Na ϩ , but the dips in vector strength that occur when stimuli fail to evoke action potentials at a regular frequency are substantially reduced with high [Na ϩ ] i (Fig. 9c,d ).
The Slack channel activator bithionol increases temporal fidelity of MNTB neurons As described above, exposure of MNTB neurons to bithionol increases the amplitude of native K Na current. Use of this agonist allows one to determine the effects of a change in K Na current without altering the driving force for Na ϩ entry (a change from 5 to 20 or 40 mM intracellular Na ϩ would be expected to change E Na from ϩ50 to ϩ45 or ϩ28 mV, respectively). Exposure to bithionol enhanced the afterhyperpolarization (AHP) that follows an action potential evoked by a single brief depolarizing current pulse or produced an AHP in cases in which none was evident before bithionol exposure (Fig. 7d) . The amplitude of this AHP was enhanced by bithionol [from 0.67 Ϯ 0.09 to 1.61 Ϯ 0.10 mV, when [Na ϩ ] in ϭ 5 mM (n ϭ 6, p Ͻ 0.01); from 0.53 Ϯ 0.04 to 1.95 Ϯ 0.17 mV, when [Na ϩ ] in ϭ 20 mM (n ϭ 6, p Ͻ 0.01)]. In contrast, the duration of the AHP was not affected by bithionol [16.06 Ϯ 0.86 vs 16.98 Ϯ 0.53 ms, when [Na ϩ ] in ϭ 5 mM (n ϭ 6); 15.9 Ϯ 0.73 vs 15.99 Ϯ 1.14 ms, when [Na ϩ ] in ϭ 20 mM (n ϭ 6)]. Furthermore, in cells perfused with a fixed level of intracellular Na ϩ (20 mM), the fidelity of timing of action potentials evoked by a 100 ms train of intracellular current pulses applied at frequencies greater than ϳ150 Hz was reversibly enhanced by exposure of the MNTB neurons to bithionol (as shown by one example in Fig. 9e) . As with elevations of intracellular Na ϩ , bithionol increased the value of the phase vector strength (n ϭ 5 cells) at those frequencies at which stimulation fails to evoke action potentials at a strictly regular frequency (Fig. 9f ) . The difference in vector strength at 200 Hz for recordings before and during 10 M bithionol application was statistically significant (0.89 Ϯ 0.02 vs 0.95 Ϯ 0.02; p Ͻ 0.05).
Discussion
Slack (Slo2.2) and Slick (Slo2.1) are ligand-gated K ϩ channels activated by intracellular Na ϩ and Cl Ϫ ions and are abundantly expressed in the CNS of mammals (Joiner et al., 1998; Bhattacharjee et al., 2002) . In this study, we found that both channel subunits are expressed at high levels in presynaptic and postsynaptic elements of the MNTB. Using wholecell and excised patch recordings, as well as pharmacological approaches, we have demonstrated that in addition to the voltage-dependent potassium channels that have been extensively characterized in these neurons (Manis and Marx, 1991; Brew and Forsythe, 1995; Wang et al., 1998; Song et al., 2005) , these neurons also have a major component of K ϩ current that is sensitive to cytoplasmic levels of Na ϩ and Cl Ϫ , and the properties of the channels that underlie this current closely resemble those of Slack and Slick channels. Furthermore, by manipulating intracellular levels of Na ϩ and by using the Slack activator bithionol, we found that the accuracy of timing of action potentials in MNTB neurons during high-frequency stimulation is sensitive to the level of this K Na current, a result that is also consistent with computer simulations of MNTB neurons.
The properties of the channels that are activated by elevations of Na ϩ at the cytoplasmic face of excised patches from MNTB neurons are intermediate between those of Slack and Slick and may represent either heteromers of these two subunits (Chen et al., 2006) or may reflect association of these subunits with as yet uncharacterized ancillary subunits. Their large unitary conductance differentiates them from most other types of K ϩ channels. Only large-conductance Ca 2ϩ -activated K ϩ channels (maxi-K channels) have a comparably large conductance. Our laboratory and that of others (I. D. Forsythe, personal communication) have, however, found that little or no maxi-K type Ca 2ϩ -activated K ϩ current can be recorded at the soma of MNTB neurons. Moreover, maxi-K channels are not activated by Na ϩ or Cl Ϫ ions and are potently blocked by 1 mM TEA, whereas the K Na channels in MNTB neurons could readily be recorded in the presence of this agent.
In transfected cells, the macroscopic characteristics of Slack and Slick subunits are quite different from each other (Bhattacharjee et al., 2003) . Slick activation occurs very rapidly with step changes in voltage, whereas Slack currents increase only slowly after a step depolarization. Three pieces of evidence suggest that the Slick subunit is likely to play a dominant role in the characteristics of the MNTB K Na current. First, the relatively rapid activation of the native K Na current (Ͻ20 ms) (Figs. 6, 7 ) in response to depolarizing commands more closely resembles that of Slick than Slack. Second, Slick channels are more sensitive to changes in intracellular Cl Ϫ than are Slack channels. The degree of sensitivity of the native current to intracellular chloride (an ϳ6.9-fold increase in activity on changing Cl Ϫ from 2 to 129.5 mM) more closely matches that found for Slick (Bhattacharjee et al., 2003) . Finally, the fact that the native channel activity can be decreased by a nonhydrolyzable ATP analog strongly suggests that Slick, which is regulated by a consensus ATP-binding site in its C terminus (Bhattacharjee et al., 2003) , is likely to be a component of the native channel. Nevertheless, the kinetic behavior of the channels cannot be used alone to differentiate Slack from Slick channels, because recent work has shown that an alternative isoform of Slack, termed Slack-A, activates rapidly in response to depolarizations (Bhattacharjee et al., 2004) .
We also found that the accuracy of timing of MNTB neurons is increased under conditions in which K Na channels are activated. This effect was observed both with elevations of intracellular Na ϩ by dialysis through patch pipettes and by exposure to the Slack activator bithionol. Previous work has revealed that, at fixed Na ϩ concentrations, bithionol produces a significant increase in mean Slack channel open probability, apparently by decreasing channel closed times . As with some other channel agonists, the mechanism of bithionol action may involve an allosteric interaction with regions of the channel that control gating. Those data represent, to the best of our knowledge, the first demonstration of activation of Slack currents (or K Na ) by any compound. Although we cannot be certain that bithionol does not also have uncharacterized targets other than K Na channels in MNTB neurons, the observed effects of this agent both on ionic currents and on firing characteristics are consistent with selective enhancement of K Na current. In expression sys- The neuron was stimulated with a train of depolarizing current pulses applied at frequencies from 50 to 300 Hz. At stimulus frequencies up to 170 Hz, action potentials were evoked by every stimulus pulse (left traces). At 180 -230 Hz, the timing of evoked action potentials became scattered with respect to the stimulus pulses (middle traces). When the stimulus frequency was increased past 240 Hz, this cell responded to high-frequency stimulation with a lower frequency of firing that remains locked to individual stimuli (right traces).
tems, biothionol has also been found to activate maxi-K Ca 2ϩ -activated K ϩ channels (V. Gribkoff, personal communication). As described above, however, there appears to be little or no Ca 2ϩ -activated K ϩ current at the somata of MNTB neurons. The effect of increased K Na current on the timing of action potentials is therefore likely to influence the fidelity of information transmission through MNTB under conditions of rapid firing, when cytoplasmic Na ϩ levels are elevated. The time course and the extent of elevations on intracellular Na ϩ at the somata of MNTB neurons during high-frequency firing have yet to be determined. In unstimulated muscle cells, basal Na ϩ concentrations have been estimated to be between ϳ4 and 15 mM (Lee and Fozzard, 1975; Ellis, 1977; Kameyama et al., 1984; Nakaya et al., 1990) . During high-frequency stimulation of neurons, however, [Na ϩ ] i reaches a concentration of 45-100 mM in certain locations (Rose, 2002) . The two major pathways for Na ϩ entry during neuronal activity are through voltagedependent Na ϩ channels and through ionotropic ligand-gated receptors, such as AMPA and NMDA glutamate receptors. Elevation of intracellular Na ϩ by these pathways produces highly localized elevations in Na ϩ (Rose and Ransom, 1997; Rose and Konnerth, 2001; Zhong et al., 2001) . Moreover, recovery to baseline Na ϩ levels is often very slow and, in many cases, requires tens of seconds (Rose, 2002) .
It is not yet known whether Slack or Slick subunits in neurons are physically associated with voltage-dependent Na ϩ channels. Such close proximity could result in substantially higher local levels of [Na ϩ ] i near K Na channels than in bulk cytoplasm (Dryer, 1994) . In peripheral axons of Xenopus neurons, a close correlation has been found between the localization of K Na channels and voltagedependent Na ϩ channels, suggesting the two channel types are targeted to the same membrane locations (Koh et al., 1994) . Although studies of the role of K Na channels in neurons have focused on their activation by Na ϩ influx through voltagedependent channels, large elevations of [Na ϩ ] i also occur as a result after activation of Na ϩ -permeable receptors such as glutamate receptors. The Slack subunit has been shown to bind directly to the PDZ domain of PSD-95, a major component of glutamatergic postsynaptic densities (Uchino et al., 2003) . Direct activation of Na ϩ influx through glutamate receptors using kainate has been proposed to activate K Na channels .
All of the recordings in the present study were conducted at RT (21-22°C), a common practice in in vitro studies because it favors tissue survival and improves voltage-clamp conductances with rapid kinetics. Higher temperatures have been shown to allow higher-frequency and more prolonged transmission at the calyx of Held (Taschenberger and von Gersdorff, 2000; Kushmerick et al., 2006) and other excitatory synapses (Saviane and Silver, 2006) , and recent work has suggested that a primary contribution to postsynaptic temperature sensitivity is an alteration in AMPA receptor kinetics (Postlethwaite et al., 2006) . Although the kinetics of the K Na currents and that of other channels are likely to be more rapid at higher temperatures (Cao and Oertel, 2005) , several considerations suggest that the qualitative effect of K Na channels on the timing and firing patterns of MNTB neurons are likely to persist at in vivo temperatures. First, the mean conductance of many channels that, like K Na channels, possess multiple conductance states has been found to increase at higher temperatures (Colquhoun and Sakmann, 1985; Fox, 1987; Dilger et al., 1991) , suggesting that the contribution of K Na currents may increase at elevated temperatures. Second, our numerical simulations have indicated that the increase in temporal accuracy after an increase in K Na current results primarily from the shortening of the membrane time constant and decrease in input resistance, which decrease the threshold for action potential generation and also result in evoked action potentials being linked closely in time to the onset of depolarizing stimuli. Because these basic effects persist over a wide range of model parameters (data not shown), and are evident in completely generic neuronal sim- ulations (Bhattacharjee et al., 2003) , they are unlikely to be highly sensitive to temperature. In many respects, this proposed role for K Na channels resembles that of "low-threshold" Kv1.1 and Kv1.2 channels, which are located in axons of many auditory neurons where they control input resistance and action potential timing both in brain slices at RT and in vivo at physiological temperatures (Manis and Marx, 1991; Brew and Forsythe, 1995; Brew et al., 2003; Kopp-Scheinpflug et al., 2003) . K Na channels, however, differ from these voltage-dependent K ϩ channels in that they are located at the somata, and their activity becomes enhanced only after Na ϩ entry. In summary, our results indicate that Na ϩ -activated K ϩ channels with properties resembling those of Slack and Slick channels in transfected cells are present in MNTB neurons. Moreover, our findings suggest that the native K Na channels may play an important role in adapting the pattern of firing to different rates of stimulation and influence the fidelity of information through the MNTB.
